Harbor seals (Phoca vitulina richardsi) were captured in the coastal regions of Southeast Alaska, Gulf of Alaska, Prince William Sound (PWS), and Kodiak Island during 1976-1999. Blood was collected from 286 seals. Sera were tested for evidence of exposure to Brucella spp., phocid herpesvirus-1 (PhoHV-1), phocid herpesvirus-2 (PhHV-2), and phocine distemper virus (PDV). Antibody prevalence rates were 46% (46/100) for Brucella spp., 93% (225/243) for PhoHV-1, 0% (0/286) for PhHV-2, and 1% (2/160) for PDV. Antibody prevalence for Brucella spp. was directly related to host age. Antibody prevalence for PhoHV-1 was higher in PWS as compared to the other three regions. No evidence of mortality attributable to these four agents was observed during the course of this study. Based on the results of this survey, none of these agents is considered a significant mortality factor in harbor seals from the four regions of coastal Alaska included in the study.
INTRODUCTION
Harbor seals, Phoca vitulina richardsi, inhabit the coastal waters of Alaska from Southeast Alaska northward to Prince William Sound (PWS) and the Kodiak Archipelago, and westward through the Aleutian Islands and Bristol Bay (HooverMiller, 1994) . Once considered abundant, the number of harbor seals in parts of Alaska has declined greatly since the mid1970s (Hoover-Miller, 1994 . Specifically, numbers declined by 85% on Tugidak Island (south of Kodiak Island) during 1976 -1988 (Pitcher, 1990 , and by 63% in PWS during 1984 (Frost et al., 1999 . The status of harbor seals in other parts of the Gulf of Alaska is uncertain, though numbers are believed to have declined in the greater Kodiak Island area through the 1980s, prior to increasing over the last decade . Numbers of harbor seals have increased or remained stable in Southeast Alaska and Bristol Bay. The causes for the decline in harbor seal numbers have not been identified (Pitcher, 1990; Small et al., 2003) . Possible factors that may be affecting seal numbers include: 1) reduced prey availability, either by natural changes in the marine environment or as a result of commercial fishing; 2) human-caused mortality, either through harvest or by incidental take in fisheries; 3) disease; 4) pollutants; and 5) predation by killer whales (Orcinus orca) and possibly sleeper sharks (Somniosus pacificus) (Sease, 1992) . Some of the decline in PWS was caused by the Exxon Valdez oil spill , but numbers were already declining before the spill (Pitcher, 1989) .
Harbor seals are found primarily within 50-60 km of shore Small et al., 2005) , where they feed, haul out to rest, give birth, care for their young, and molt. Females give birth to single pups once a year, usually in the first half of June in Alaska. Pups are weaned when they are 3-6 wk old. Adult females breed about 2 wk after their pups are weaned, and give birth about 11 mo later. Female harbor seals first become pregnant when they are 3-7 yr old (Hoover-Miller, 1994) . Most information about the foods of harbor seals was collected in the mid-1970s (Pitcher and Calkins, 1979) . The major prey in PWS and the Gulf of Alaska include pollock (Theragra chalcogramma), octopus/squid (class Cephalopoda), capelin (Mallotus villosus), Pacific cod (Gadus macrocephalus), and herring (Clupea pallasi).
Brucella was first isolated from the organs of four common seals (Phoca vitulina), two harbor porpoises (Phocoena phocoena), and one common dolphin (Delphis delphis) originating from the Scottish coasts (Ross et al., 1994) . Brucella has been reported to cause abortion in bottlenose dolphins (Tursiops truncatus) in the USA (Ewalt et al., 1994; Miller et al., 1999) . In addition, serologic evidence of Brucella infection exists in Atlantic walruses (Odobenus rosmarus rosmarus) and ringed seals (Phoca hispida) of Arctic Canada (Nielsen et al., 1996) . Evidence of Brucella infection in Pacific harbor seals (Phoca vitulina richardsi), California sea lions (Zalophus californianus), and harbor porpoises in Puget Sound, Washington, USA has also been reported (Payeur et al., 1998) . In the North Pacific, Brucellaassociated testicular granulomas in common minke whales (Balaenoptera acutorostrata) have been reported. Molecular characterization of DNA isolated from testes that grossly had granular lesions showed that Brucella from North Pacific minke whales was different from terrestrial and North Atlantic marine mammal Brucella strains (Ohishi et al., 2004) . In the Southern Hemisphere, detection of anti-Brucella antibodies in Weddell seals (Leptonychotes weddellii) from Cape Shirref, Antarctica (Blank et al., 2002) suggests the possibility of widespread infection. Brucella spp. have been isolated from numerous species of terrestrial animals, and they cause abortion in the majority of these species (Corbel and Morgan, 1975) . It is therefore possible that Brucella spp. infections can also cause reproductive failure in marine mammals.
Phocid herpesvirus-1 (PhoHV-1; Varicellovirus, Alphaherpesvirinae) was first identified in 1984 when it caused the deaths of 11 captive harbor seal pups in a nursery in the Netherlands (Osterhaus et al., 1985) . Mortality caused by PhoHV-1 infection has been observed only in captive animals, including neonates, seals acutely infected with phocine distemper virus (PDV), or seals that have been otherwise immunocompromised.
Clinical signs of PhoHV-1 disease included elevated body temperature, inflammation of the oral mucosa, nasal discharge, coughing, vomiting, diarrhea, anorexia, and lethargy . Duration of the illness ranged from 1 to 6 days (Borst et al., 1986) . Interstitial pneumonia and necrosis of hepatic parenchyma were the primary histologic lesions. Less significant changes were also observed in kidneys, spleen, and lymph nodes (Borst et al., 1986) .
Virus is shed in nasal and ocular discharges from naturally-and experimentally-infected animals (Horvat et al., 1989; Harder et al., 1997) . Presumably, natural transmission occurs by means of aerosols or direct contact, as in other alpha herpesvirus infections.
Serum samples from 49 free-ranging harbor seals that were involved in the 1988 PDV epizootic in the North Atlantic yielded a PhoHV-1 antibody prevalence of approximately 50% . Despite this high antibody prevalence, PhoHV-1 was isolated from only four of 112 harbor seals that died during the 1988 PDV epizootic .
A second herpesvirus, phocid herpesvirus-2 (PhHV-2), has been isolated from a captive California sea lion (KennedyStoskopf et al., 1986) , free-ranging adult harbor seals from the North Sea (Lebich et al., 1994) , and free-ranging harbor seals from the North Atlantic offshore of the United States (Harder et al., 1996) . Based on nucleotide sequence data, PhHV-2 is a gamma-herpesvirus (Harder et al., 1996) . There is no evidence that PhHV-2 causes clinical disease in pinnipeds.
Herpesviruses have been implicated in recent fatal and nonfatal infections of harbor seals in the North Pacific. Twentysix harbor seals were collected during the investigation of the 1989 Exxon Valdez oil spill in PWS, Alaska, USA. One male had lesions on the penis and prepuce. Intranuclear inclusion bodies typical of herpesvirus were observed during histologic examination of the lesions (Spraker et al., 1994) . The death of a single harbor seal off the coast of Washington, USA, in 1990 was attributed to a herpesvirus. This diagnosis was based upon gross lesions, light microscopy, and electron microscopy. Hepatic and adrenal necrosis were found in 12 harbor seal pups that died at a rehabilitation center in Sausalito, California, USA, in 1990. Herpesvirus virions were detected in these necrotic areas by use of electron microscopy (Lowenstine et al., 1992) .
Herpesviruses have also been detected in other Northern Hemisphere marine mammal species, including harbor porpoise (Kennedy et al., 1992) , California sea lion (Kennedy-Stoskopf et al., 1986) , sea otter (Enhydra lutris) (Harris et al., 1990) , and beluga (Delphinapterus leucas) (Barr et al., 1989) .
A previous serologic survey of several marine mammal species (including harbor seals) from Alaskan waters revealed exposure to both PhoHV-1 and PhHV-2 (Zarnke et al., 1997) . Serum antibody prevalence for PhoHV-1 was 100% in 25 apparently healthy Weddell seals and three apparently healthy crabeater seals (Lobodon carcinophagus) from the eastern Weddell Sea (Harder et al., 1991) . Neutralizing antibodies against PhHV-2 have been detected in a small cohort of harbor seals of the North Sea but not in Weddell seals of Antarctica (Lebich et al., 1994) .
Phocine distemper virus (Morbillivirus, Paramyxoviridae) was first isolated from harbor seals following the 1988 epizootic off northwestern Europe (Osterhaus et al., 1990) . Clinical signs included respiratory distress and oculonasal discharge (Kennedy et al., 1989) . The primary postmortem finding was severe pneumonia (Kennedy et al., 1989 ).
An estimated 18,000 seals died during the 1988 PDV epizootic (Osterhaus et al., 1990) . Harp seals (Phoca groenlandica) have been implicated as a reservoir species and a possible source of PDV for this major die-off (Duignan et al., 1994) . Subsequent investigations indicate continued transmission of PDV in the waters of northwestern Europe (Visser et al., 1993) . In 2002, approximately 22,000 seals died in a second PDV epidemic in northwestern Europe (Mü ller et al., 2004) .
Several thousand Lake Baikal seals (Phoca sibirica) died in Russia in 1987. Retrospective investigation implicated canine distemper virus as the cause of this mortality (Grachev et al., 1989) .
Recent research revealed morbillivirus exposure in additional European species, including gray seal (Halichoerus grypus) (Harder et al., 1991) , harbor porpoise (Kennedy, 1990) , and Mediterranean striped dolphin (Stenella coeruleoalba) (van Bressem et al., 1991) .
Identical or closely-related morbilliviruses have been identified in recent years from several species on the Atlantic coast of North America, including harbor seal , harp seal (Daoust et al., 1993) , walrus (Duignan et al., 1994) , and ringed seal (Duignan et al., 1997) .
The primary objective of this study was to determine the serum antibody prevalence of Brucella spp., PhoHV-1, PhHV-2, and PDV in harbor seals from four regions of coastal Alaska. The secondary objective was to determine the relationship between antibody prevalence and host sex, age, year of capture, and geographic region.
MATERIALS AND METHODS
Seals were captured by various investigators during 1976-1999 in conjunction with studies of harbor seal population biology and ecology. Study areas included portions of Southeast Alaska, the Gulf of Alaska, PWS, and Kodiak Island (Fig. 1) . Standard descriptive data (sex, location, and date of capture) were recorded for each animal. Animals were assigned to one of four age categories: pup, yearling, subadult, and adult. Age determination was based on body length and weight . For the purpose of data analysis, samples were grouped by year of collection, which does not necessarily reflect year of exposure.
Blood was drawn from the extradural vein and allowed to clot. Serum was transferred to sterile vials. Sera were initially stored at 212 C for up to several months and then transferred to 240 to 246 C for several months to several years before testing.
Sera were tested for evidence of exposure to Brucella spp. by means of both competitive (MacMillan et al., 1990) and indirect enzyme-linked immunosorbent assay (ELISA) (Alton et al., 1988) . The competitive ELISA (cELISA) described by MacMillan et al. (1990) was used at a single dilution. Briefly, microtiter plates coated with lipopolysaccharide (LPS) extracted from B. melitensis (strain 16M) were prepared and 20 ml of the test serum was added, followed immediately by 100 ml of a dilution of an anti-Brucella LPS monoclonal-peroxidase conjugate. After incubation at room temperature, while shaking at 160 rpm, the plates were washed and the chromogen, o-phenylenediamine dihydrochloride, and the substrate, 3% hydrogren peroxide, were added. The color development was measured at 405 nm using a microtiter plate spectrophotometer. The optical density (OD) of the test samples was expressed as a percentage of the mean OD of the wells to which a negative control serum had been added. The negative control serum was obtained from a sheep that was clear of any clinical signs of disease and that was negative to all the standard serologic tests for brucellosis. Samples with an OD of less than 30% were classified as positive, and samples with an OD of more than 30% were classified as negative.
The indirect ELISA (iELISA) was based on that described by Alton et al. (1988) but differed in a number of respects. The iELISA requires anti-immunoglobulin conjugate with specificity for the immunoglobulin isotypes of the species under test. Such reagents were not available, but protein A has been shown to bind to the IgG of a range of marine mammals (Eliasson et al., 1988; Sikkema, 1989) . The antigen was as described for the cELISA. The conjugate was a protein A-peroxidase conjugate. In this case the OD of the test samples was expressed as a percentage of the mean OD of the wells to which a positive control serum had been added. The positive control serum was obtained from a pig infected with Brucella suis. This sample was chosen as the control , 1976-1999. because it is detected using protein A. Samples with an OD of more than 30% were classified as positive, and samples with an OD of less than 30% were classified as negative.
Sera meeting the cELISA and iELISA criteria will be referred to as positive. In the absence of sera either from animals known to be free of Brucella spp. infection, or from animals from which Brucella spp. had been isolated, it is impossible to set the diagnostic thresholds for the tests with certainty. Therefore, thresholds were selected on the basis of experience gained in testing a wide range of terrestrial mammals for brucellosis from Great Britain.
Antibodies to PhoHV-1, PhHV-2, and PDV were detected using the serum neutralization test (SNT). The test was performed using the PDV1-2-6A strain of PDV, the A92-10/4 isolate of PhoHV-1, and the A92-10/5 isolate of PhHV-2. The viruses were grown in either Vero cells (PDV and PhHV-2) or Crandell feline kidney (CRFK) cells (PhoHV-1). The SNT was performed following a modification of a microtiter method (Rossiter et al., 1985) as previously described for morbilliviruses . Briefly, for PDV, serial twofold dilutions of heat-inactivated sera were made in duplicate columns of 96-well plates using the alpha modification of Eagle's minimum essential medium, starting at a 1:4 dilution. For PhoHV-1 and PhHV-2, a single 1:4 dilution was made in duplicate wells. An equal volume (25 ml) of each virus, containing about 100 median tissue culture infective doses (TCID 50 ) of the appropriate virus, was added to corresponding appropriate plates. This yielded a starting dilution of 1:8 for PDV and a single dilution of 1:8 for PhoHV-1 and PhHV-2. The virus-serum mixtures were incubated at 37 C for 1 hr in 5% CO 2 , and a Vero or CRFK cell suspension (150 ml containing 10 4 cells/well) was added to PDV/PhHV-2 and PhoHV-1 plates, respectively. The plates were incubated at 37 C in 5% CO 2 for 4 days. The test was read by examining cell monolayers under an inverted microscope for virus-specific cytopathic effects (CPE). Antibody titers for PDV were expressed as the reciprocal of the highest dilution of serum that completely neutralized CPE in duplicate wells. Results for PhoHV-1 and PhHV-2 were scored as positive (absence of CPE in both wells) or negative (presence of CPE in one or both wells) at 1:8 dilution.
A generalized linear model (McCullagh and Nelder, 1989) with repeated measures was used to determine whether there was significant dependence of antibody prevalence on host characteristics: age, sex, year, or geographic region. The model used a logit link with a binomial distribution. Serologic test result is a binary response variable. Year was treated as a continuous variable. Age was treated as a categoric variable with four classes: pup, yearling, subadult, and adult. Geographic area was treated as a categoric variable with four classes: Kodiak, central Gulf of Alaska, PWS, and southeast Alaska. Sex was also treated as a categoric variable. All main and interaction effects of these variables were examined. During the modeling process, all higher-order terms were removed from the model if they did not substantially (P.0.05) increase the fit of the model based on the deviance function compared to a chi-squared distribution (McCullagh and Nelder, 1989) . The GENMOD procedure of the SAS statistical software package, version 8.02 (SAS Institute, Cary, North Carolina, USA), was used to fit the model with maximum likelihood parameter estimates.
RESULTS
Not all sera were suitable for all test procedures. In addition, some sample volumes were exhausted during the initial stages of testing. Thus, sample sizes were not consistent for all agents.
Overall antibody prevalences for all four agents are presented in Table 1 . The most striking feature was the difference in prevalence for PhoHV-1 (225/243, 93%) as compared to PhHV-2 (0/286, 0%).
For Brucella spp., the fitted model for antibody prevalence included a single significant covariate, age. Substantial differences in antibody prevalence were found between the adult, subadult and yearling cohorts (Table 2 ). These differences were not statistically significant. However, prevalences for all three cohorts were significantly different from the prevalence for pups. Hence, we collapsed age into two classes: pups and nonpups. A difference in prevalence between nonpups (44/82, 54%), and pups (2/18, 11%) was detected (P50.0044).
The fitted model for PhoHV-1 anitibody prevalence included a single significant covariate, geographic region. We examined the four geographic regions and determined that prevalences for Kodiak, central Gulf of Alaska, and southeast Alaska were not significantly different from each other, but they were all significantly different from PWS (Table 3). Hence, we collapsed geographic region into two classes, PWS and the other three regions. A significant difference (P50.0188) was detected between prevalence rates for the three regions (106/120, 88%) and PWS (119/123, 97%).
Statistical modeling was not done for PhHV-2, for which all animals were negative, or for PDV, for which only two of 160 animals were positive.
DISCUSSION
The iELISA and cELISA have been used to test terrestrial mammals with none of the problems associated with the conventional complement fixation test, such as anticomplementary and prozone reactions (Nielsen et al., 1985) . Both ELISAs are comparable with regards to sensitivity and specificity, but the cELISA is the preferred method because it is easier to perform. Other organisms may cause cross-reactions in serologic diagnostic tests for Brucella (Corbel et al., 1984) .
However, recent isolations of Brucella spp. from marine mammals (Ross et al., 1996) increase the likelihood that they are indeed the cause of the positive test results. Further research is needed to evaluate the sensitivity and specificity of serologic test methods currently being used for potential Brucella sp. in a wide variety of marine mammal species.
The interactive behavior of pinniped species, especially during haulout periods, should be considered as an opportunity for transmission. The isolation of Brucella from reproductive organs in marine mammals (Miller et al., 1999) suggests venereal transmission as a possible route of infection. Maternal transfer may occur congenitally or while pups are suckled, as observed in terrestrial mammals. Young, sick, and malnourished seal pups may be predisposed to a variety of diseases, including Brucella, and exposure to pollutants may also reduce resistance. Another potential means of transfer is through parasites. The reported case of Brucella infection in Parafilaroides lungworm species from a Pacific harbor seal and Pseudalius inflexus lungworms from a juvenile male harbor porpoise from which Brucella was also recovered demonstrated this to be a potential route (Garner et al., 1997; Perrett et al., 2004) .
The reproductive conditions associated with Brucella sp. infection in terrestrial mammals have been well documented. Effects of Brucella sp. infection in marine mammals are not fully understood. Brucella sp. has been isolated from the (1) a Number positive/number tested (%). (43) a Number positive/number tested (%). (86) a Number positive/number tested (%).
reproductive tissues of marine mammals (Foster et al., 2002) . Bottlenose dolphins have aborted in captivity (Ewalt et al., 1994; Miller et al., 1999) . In addition, high serum antibody prevalences for Brucella sp. have been reported for a variety of species. Thus, Brucella sp. may indeed have a significant effect on the population dynamics of some marine mammal species. The 54% antibody prevalence reported for Brucella sp. in the adult cohort in the current study is comparable to the 49% reported for common seals inhabiting Scottish waters (Foster et al., 2002) . However, the age profile of that study was not reported. Thus, the two values are not directly comparable.
Brucella has also been isolated from the lymph nodes of four ringed seals off Baffin Island and one harp seal from the Gulf of St Lawrence, Canada. This was the first confirmed report of Brucella in marine mammals from Canada and the first report of the organism in ringed and harp seals. Ages of the animals were not stated (Forbes et al., 2000) .
Antibody prevalences of 4% (10 of 248) for ringed seals and 12% (7 of 59) for walrus were reported in a study at eight locations in the Canadian arctic (Nielsen et al., 1996) . Samples from seals ranging in age from 0 to 18 yr were collected at three widely distant sites. The random distribution of positive animals may have indicated sporadic exposure from another enzootically-infected phocid, or from a predator such as an arctic fox (Alopex lagopus). Limited epizootics may have occurred in the areas where these positive seals were found. A comparable situation may also have existed regarding the single population of walrus in Fox Basin.
Prevalence of 35% was reported for a sample of 16 Antarctic fur seals (Arctocephalus gazelle) and one Weddell seal from the Southern Hemisphere. Unfortunately, once again no age data were available for these animals (Retamoil et al., 2000) . Few serologic surveys reported low antibody prevalence. A prevalence of 0% was found for 45 Lake Baikal seals (Ross et al., 1996) , assessed as a landlocked species. Introduction of Brucella sp. could have a major impact on the health of this population.
Low antibody prevalence in the pup cohort may have been related to age. All pups included in the survey were between 2 and 5 wk of age. Pups in this age range were probably still suckling, though some may have been recently weaned. If their mothers had been previously exposed to Brucella sp., the pups may have acquired passive immunity via antibodies in the colostrum. Potential exposure of pups to natural infection (aborting adult females, venereal transmission, etc.) would be unlikely.
Test results demonstrate that serum antibody prevalence of PhoHV-1 is high in harbor seals throughout the range of this study. These results concur with previous studies from both the Atlantic and Pacific coasts of the United States (Zarnke et al., 1997; Goldstein et al., 2003) .
Antibody prevalence for PhoHV-1 was higher in seals from PWS than from other areas studied. Reasons for this difference are unclear. The harbor seal population in PWS has declined .60% since the late 1980s (Frost et al., 1999; Ver Hoef and Frost, 2003) . Many seals were exposed to oil, as well as increased human activity, following the Exxon Valdez oil spill in 1989 Lowry et al., 1994) . Spill activities and the oil itself may have caused reactivation of latent PhoHV-1 infections. Sea otters held in captivity after the spill experienced herpes outbreaks that were attributed to stress (Harris et al., 1990; Spraker et al., 1994) .
Food limitation associated with an oceanic regime shift has been suggested as a possible cause of harbor seal population decline in both PWS and the Gulf of Alaska during the 1970s and 1980s . If food-related stress resulted in activation of latent PhoHV-1 infection, we would have expected antibody prevalences to be higher both near Kodiak and in PWS, because both populations experienced severe population declines. However, antibody prevalence was only elevated in the PWS population. The seal population near Kodiak is now increasing, whereas the PWS population continues to decline Ver Hoef and Frost, 2003) . However, there is no indication that the PWS decline is caused by food limitation (Hastings et al., 2004; Small et al., 2005; Frost, pers. comm.) . Young seals captured in PWS during 1997-2000 were larger and had more body fat than seals captured elsewhere in their range (Burns et al., 2005; Frost and Iverson, pers. comm.) . Other possible causes of the population decline, such as hunting or predation, have no obvious relationship to antibody prevalence.
Conversely, the 0% antibody prevalence for PhHV-2 in the current study is in marked contrast to the 42% (52/124) prevalence reported previously for the same geographic area (Zarnke et al., 1997) . Serologic tests for these two studies were performed in different laboratories utilizing different reagents and procedures.
Serologic evidence of exposure to PDV is widely distributed among harbor seal populations in North America marine waters . However, antibody prevalence varies widely. The two samples reported as positive for PDV in this study are believed to be ''false positives''; antibody titers barely exceeded the minimum threshold. Additional tests could not be conducted because samples were exhausted during the original test. Morbilliviruses typically spread widely through immunologically-naïve populations, and the current results suggest that the harbor seal populations in Alaskan waters had not been recently exposed to PDV prior to this study.
Field personnel have rarely reported signs of clinical disease in harbor seals during the period of this study (Spraker et al., 1994) . Population levels of harbor seals declined in some regions of the Gulf of Alaska during the 1970s and 1980s. However, no massive die-offs were reported. Over the last decade the seal population near Kodiak has increased steadily (yet abundance remains low), whereas the PWS population continues to decline, but a slower rate. The current survey has provided no link (either geographically or chronologically) between antibody prevalence of the four disease agents and changes in the dynamics of harbor seal populations. For these reasons, we do not believe that any of the four agents included in this survey represent significant sources of mortality for harbor seals in the coastal waters of Alaska. tests. Samples collected during 1996-2000 were under NMFS scientific research permit 1000. 
